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ABSTRACT

Objective: To determine whether low vitamin D concentrations are associated with an increased
risk of incident all-cause dementia and Alzheimer disease.

Methods: One thousand six hundred fifty-eight elderly ambulatory adults free from dementia,
cardiovascular disease, and stroke who participated in the US population–based Cardiovascular
Health Study between 1992–1993 and 1999 were included. Serum 25-hydroxyvitamin D (25
(OH)D) concentrations were determined by liquid chromatography-tandem mass spectrometry
from blood samples collected in 1992–1993. Incident all-cause dementia and Alzheimer disease
status were assessed during follow-up using National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer’s Disease and Related Disorders Association criteria.
Results: During a mean follow-up of 5.6 years, 171 participants developed all-cause dementia,
including 102 cases of Alzheimer disease. Using Cox proportional hazards models, the multivariate adjusted hazard ratios (95% confidence interval [CI]) for incident all-cause dementia in participants who were severely 25(OH)D deficient (,25 nmol/L) and deficient ($25 to ,50 nmol/L)
were 2.25 (95% CI: 1.23–4.13) and 1.53 (95% CI: 1.06–2.21) compared to participants with
sufficient concentrations ($50 nmol/L). The multivariate adjusted hazard ratios for incident
Alzheimer disease in participants who were severely 25(OH)D deficient and deficient compared
to participants with sufficient concentrations were 2.22 (95% CI: 1.02–4.83) and 1.69 (95% CI:
1.06–2.69). In multivariate adjusted penalized smoothing spline plots, the risk of all-cause
dementia and Alzheimer disease markedly increased below a threshold of 50 nmol/L.
Conclusion: Our results confirm that vitamin D deficiency is associated with a substantially
increased risk of all-cause dementia and Alzheimer disease. This adds to the ongoing debate
about the role of vitamin D in nonskeletal conditions. Neurology® 2014;83:920–928
GLOSSARY
25(OH)D 5 25-hydroxyvitamin D; AD 5 Alzheimer disease; BMI 5 body mass index; CHS 5 Cardiovascular Health Study;
CI 5 confidence interval; HR 5 hazard ratio; LC-MS 5 liquid chromatography-tandem mass spectrometry; NINCDSADRDA 5 National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease and Related
Disorders Association.

Recent meta-analyses confirm that low serum vitamin D concentrations are associated with
prevalent Alzheimer disease (AD) dementia and cognitive impairment.1–3 This is cause for
concern given the high rates of vitamin D deficiency in older adults4 and continued uncertainty
about the causes of AD and other forms of dementia.5 Both the 1,25-dihydroxyvitamin D3
receptor and 1a-hydroxylase, the enzyme responsible for synthesizing the bioactive form of
vitamin D, are found throughout the human brain.6 In vitro, vitamin D increases the phagocytic
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clearance of amyloid plaques by stimulating
macrophages7,8 and reduces amyloid-induced
cytotoxicity and apoptosis in primary cortical
neurons.9 Vitamin D deficiency has also been
linked to vascular dysfunction and ischemic
stroke risk10 as well as brain atrophy.11 However, reverse causation is also possible, as the
onset of dementia may lead to dietary changes
and reduced outdoor activity, which in turn
result in lower vitamin D concentrations.12
Previous prospective studies have established
that low vitamin D concentrations in elderly
adults are associated with an increased risk of
cognitive decline.3,13–15 Furthermore, it has been
hypothesized that the risk of cognitive decline
markedly increases below a threshold between
25 and 50 nmol/L.12 However, preliminary
prospective studies of vitamin D and dementia
risk have been discordant. In a small study of 40
high-functioning elderly women, severe vitamin
D deficiency (,25 nmol/L) was associated with
a higher risk of non-AD dementias but not AD
over 7 years.16 In contrast, in 10,186 individuals, severe vitamin D deficiency was associated
with medical records indicating AD but not vascular dementia over 30 years of follow-up.17 The
discrepancy in these findings may be due to a
lack of statistical power16 or use of unstandardized dementia diagnoses from medical records,
which may result in considerable misclassification.17 We therefore conducted what is to
our knowledge the first large, prospective,
population-based study incorporating a comprehensive adjudicated assessment of dementia and AD to examine their relationship with
vitamin D concentrations.
METHODS Participants. Participants were selected from the
Cardiovascular Health Study (CHS), a large, prospective,
population-based study in the United States designed to
investigate the underlying causes of cardiovascular disease in older
men and women.18 The CHS recruited participants from 4
communities: Forsyth county, NC (36.1° north, 80.3° west);
Sacramento county, CA (38.5° north, 121.4° west); Washington
county, MD (39.6° north, 77.8° west); and Pittsburgh, PA (40.4°
north, 80.0° west). The cohort consisted of 5,201 adults recruited
in 1989–1990 and an additional 687 African-American participants
recruited in 1992–1993. Of these 5,888 participants, 4,692
ambulatory participants had complete exam data in 1992–1993 (the
baseline assessment for the current study). Serum 25-hydroxyvitamin
D (25(OH)D) concentrations were not measured in 1,424
participants who had prevalent cardiovascular disease or
stroke (one or more of the following: coronary heart disease,
congestive heart failure, claudication, atrial fibrillation,
pacemaker, implantable cardioverter defibrillator, stroke, or

TIA), determined by medical records, ECG findings, and selfreport.19 Further exclusions were insufficient serum volumes for
vitamin D assay to be performed (,500 mL; n 5 945) and
missing adjudicated dementia status (n 5 596).20 Participants
with prevalent dementia at the time of the vitamin D collection
(n 5 69) were excluded from the main analyses but included in
secondary analyses of prevalent dementia. This resulted in a final
sample of 1,658 participants for the main prospective analyses and
1,727 participants for the secondary baseline analyses. Those lost to
follow-up (defined as participants with serum 25(OH)D measured
but no diagnostic assessment of incident dementia) were older
(mean [SD], 74.3 [5.4] years vs 73.8 [4.6] years, p 5 0.03), were
more likely to be nonwhite (20.0% vs 13.1%, p , 0.001), and had
lower serum 25(OH)D concentrations (mean [SD], 61.2 [39.4]
nmol/L vs 64.4 [26.5] nmol/L, p 5 0.03), but they were no
more likely to be female (71.4% vs 69.2%, p 5 0.31) or less
educated (27.4% vs 23.4% did not finish high school, 53% vs
54% finished high school/some college/vocational qualifications,
and 19.6% vs 22.6% completed college or professional
qualifications, p 5 0.10).

Standard protocol approvals, registrations, and patient
consents. The institutional review boards at each participating
institution approved the research protocols, and all participants
provided written informed consent.

Serum 25(OH)D measurement. Serum samples collected in
1992–1993 were stored at 270 °C at the Laboratory for Clinical
Biochemistry Research at the University of Vermont, and measurements were performed by the University of Washington Clinical
Nutrition Research Unit in 2008.21 Total 25(OH)D (the sum
of 25(OH)D2 and 25(OH)D3) was measured using liquid
chromatography-tandem mass spectrometry (LC-MS) on a
Waters Quattro micro mass spectrometer (Waters, Milford, MA);
the interassay coefficient of variation was ,3.4%.19 Calibration of
serum 25(OH)D concentrations was verified using SRM 972 from
the National Institute of Standards and Technology.22
Diagnosis of all-cause dementia and AD. Dementia and AD
status was assessed in 1998–1999 by a committee of neurologists
and psychiatrists on the basis of annual cognitive assessments,
repeat MRI scans, medical records, questionnaires, and proxy
interviews. Diagnosis of dementia was based on a progressive or
static cognitive deficit with impairment in at least 2 cognitive
domains and a history of normal cognitive function before the
onset of abnormalities. Incident all-cause dementia and AD were
diagnosed according to the National Institute of Neurological and
Communicative Diseases and Stroke/Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) criteria.
Further details can be found elsewhere.23
Covariates. We adjusted for covariates identified as potential
confounders1–3,12: age in years, season of blood collection
(December–February, March–May, June–August, September–
November), education status (did not finish high school, finished
high school/some college/vocational qualifications, completed
college/professional qualifications), sex, body mass index (BMI
in kg/m2), smoking (nonsmoker, current smoker), alcohol consumption (National Institute on Alcohol Abuse and Alcoholism
definitions: nondrinkers, moderate drinkers [women #7 drinks/
week; men #14 drinks/week], heavy drinkers [women .7
drinks/week; men .14 drinks/week]), and significant depressive
symptoms (score $8 on the revised 10-item Center for
Epidemiologic Studies Depression Scale24).
Statistical analysis. Cox proportional hazards models were used
to assess the associations between baseline serum 25(OH)D and
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Table 1

Baseline characteristics of 1,658 CHS participants by serum 25(OH)D concentration
Serum 25(OH)D, nmol/L

Characteristic

All (n 5 1,658)

‡50 (n 5 1,169)

‡25 to <50
(n 5 419)

<25 (n 5 70)

Age, y, mean (SD)

73.6 (4.5)

73.6 (4.4)

73.7 (4.6)

74.1 (5.1)

December–February

363 (21.9)

207 (17.7)

133 (31.7)

23 (32.9)

March–May

383 (23.1)

207 (17.7)

144 (34.4)

32 (45.7)

June–August

475 (28.7)

407 (34.8)

60 (14.3)

8 (11.4)

September–November

437 (26.4)

348 (29.8)

82 (19.6)

7 (10.0)

Did not finish high school

366 (22.1)

243 (20.8)

103 (24.7)

20 (28.6)

Finished high school/some college/vocational

910 (55.0)

644 (55.1)

226 (54.2)

40 (57.1)

College/professional

379 (22.9)

281 (24.1)

88 (21.1)

10 (14.3)

Female, n (%)

1,148 (69.2)

756 (64.7)

330 (78.8)

62 (88.6)

BMI, kg/m2, mean (SD)

26.5 (4.5)

26.1 (4.2)

27.7 (5.1)

27.4 (5.3)

149 (9.2)

93 (8.2)

46 (11.2)

10 (14.7)

Nondrinkers

898 (54.2)

613 (52.4)

245 (58.6)

40 (58.0)

Moderate drinkers

621 (37.5)

452 (38.7)

145 (34.7)

24 (34.8)

Heavy drinkers

137 (8.3)

104 (8.9)

28 (6.7)

5 (7.3)

359 (21.7)

221 (18.9)

117 (27.9)

21 (30.0)

175 (10.6)

95 (8.1)

64 (15.3)

16 (22.9)

Normal

696 (42.0)

526 (45.0)

151 (36.0)

19 (27.1)

Treated

639 (38.5)

412 (35.2)

189 (45.1)

38 (54.3)

Untreated

Season tested, n (%)

Education (n 5 1,655), n (%)

Current smoker (n 5 1,615), n (%)
a

Alcohol use (n 5 1,656), n (%)

Depressive symptoms (CES-D score ‡8), n (%)
b

Diabetes, n (%)

Hypertension, n (%)

323 (19.5)

231 (19.8)

79 (18.9)

13 (18.6)

Years of follow-up, mean (SD)

5.6 (1.6)

5.8 (1.5)

5.3 (1.8)

5.2 (1.6)

White, n (%)

1,452 (87.6)

1,088 (93.1)

322 (76.9)

42 (60.0)

<12,000

330 (19.9)

198 (16.9)

107 (25.5)

25 (35.7)

12,000–24,999

547 (33.0)

394 (33.7)

131 (31.3)

22 (31.4)

Income, $, n (%)

25,000–49,999

449 (27.1)

343 (29.3)

95 (22.7)

11 (15.7)

‡50,000

234 (14.1)

179 (15.3)

49 (11.7)

6 (8.6)

Missing

98 (5.9)

55 (4.7)

37 (8.8)

6 (8.6)

Professional/technical/managerial/administrative

611 (36.9)

452 (38.7)

135 (32.2)

24 (34.3)

Sales/clerical service

254 (15.3)

176 (15.1)

69 (16.5)

9 (12.9)

Craftsman/machine operator/laborer/farming/
forestry

219 (13.2)

159 (13.6)

47 (11.2)

13 (18.6)

Housewife

430 (25.9)

277 (23.7)

134 (32.0)

19 (27.1)

Other/missing

144 (8.7)

105 (9.0)

34 (8.1)

5 (7.1)

Occupation, n (%)

Abbreviations: 25(OH)D 5 25-hydroxyvitamin D; BMI 5 body mass index; CES-D 5 Center for Epidemiologic Studies
Depression Scale24 (revised 10-item scale); CHS 5 Cardiovascular Health Study.
a
National Institute on Alcohol Abuse and Alcoholism guidelines.
b
American Diabetes Association guidelines.

the risk of incident all-cause dementia and AD. Participants were
considered at risk for dementia from baseline (1992–1993) and
were censored at death or the end of follow-up in June 1999. All922
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cause dementia included AD cases, and analyses for AD were
censored for non-AD dementia. The proportionality of hazards
assumption was assessed using the Schoenfeld residuals

Table 2

Cox proportional hazards regression models of incident all-cause dementia and Alzheimer disease by serum 25(OH)D concentration
Serum 25(OH)D, nmol/L
No. of participants

No. of cases

‡50

‡25 to <50, HR (95% CI)

<25, HR (95% CI)

p Value for
linear trend

Model Aa

1,658

171

1 (reference)

1.51 (1.06–2.16)

2.22 (1.23–4.02)

0.002

Model Bb

1,615

168

1 (reference)

1.53 (1.06–2.21)

2.25 (1.23–4.13)

0.002

Model Aa

1,589

102

1 (reference)

1.67 (1.06–2.62)

2.27 (1.06–4.84)

0.006

Model Bb

1,547

100

1 (reference)

1.69 (1.06–2.69)

2.22 (1.02–4.83)

0.008

Dementia status
All-cause dementia

Alzheimer disease

Abbreviations: 25(OH)D 5 25-hydroxyvitamin D; CI 5 confidence interval; HR 5 hazard ratio.
a
Adjusted for age and season of vitamin D collection.
b
Adjusted for model A and education, sex, BMI, smoking, alcohol consumption, and depressive symptoms.

technique.25 We analyzed serum 25(OH)D using clinically
relevant cutpoints: ,25 nmol/L (severely deficient), $25 nmol/L
to ,50 nmol/L (deficient), and $50 nmol/L (sufficient).26 Linear
trends across categories were tested by entering 25(OH)D
groups into models as a continuous rather than a categorical
variable. In basic adjusted models, we controlled for age and
season of blood collection. In fully adjusted models, we
controlled for education, sex, BMI, smoking, alcohol consumption,
and depressive symptoms. To investigate any threshold, we used
multivariate adjusted penalized smoothing spline plots. Eight
outlying participants with 25(OH)D concentrations between
170 and 283 nmol/L were excluded due to imprecision at the
extreme end of the distribution (none developed dementia
during follow-up).
In secondary analyses, serum 25(OH)D concentrations
were analyzed as a continuous rather than a categorical variable.
25(OH)D concentrations were standardized to have a mean of
0 and an SD of 1 to aid interpretation. Because 25(OH)D concentrations were positively skewed, they were normalized using
a log transformation. We repeated the main analyses to include
adjustments for health conditions that have been identified as potential mediators for the association between serum
25(OH)D concentrations and dementia risk12,13: diabetes
(American Diabetes Association guidelines: using oral hypoglycemic agents or insulin, or plasma fasting glucose $7.0 nmol/L)
and/or hypertension (3 categories; no hypertension: systolic
,140 mm Hg and diastolic ,90 mm Hg; treated hypertension: hypertensive medication; untreated hypertension:
systolic $140 mm Hg or diastolic $90 mm Hg with no hypertensive medication). We also adjusted for ethnicity (white/black)
and examined potential interactions with ethnicity in separate models, although it is recognized that this may represent overadjustment.27 In a further analysis, we adjusted for socioeconomic
status indicators: annual income (,$12,000, $12,000–24,999,
$25,000–49,999, $$50,000, missing) and usual lifetime occupation (professional/technical/managerial/administrative, sales/clerical
service, craftsman/machine operator/laborer/farming/forestry,
housewife, other/missing). Multivariate adjusted logistic regression models were used to investigate the cross-sectional association between serum 25(OH)D and prevalent all-cause dementia
(n 5 69) and AD (n 5 34).
In sensitivity analyses, we excluded participants who developed all-cause dementia (n 5 12) and AD (n 5 6) within 1 year
of baseline to remove the possibility that any association
observed was determined by these “early converters.” p Values
were 2-sided throughout, and the type I error rate for statistical

significance was set at 0.05. Analyses were performed using
Stata SE version 12 (StataCorp, College Station, TX) with the
exception of the spline plots, which were fitted in R version
2.15.1 (www.r-project.org).

Table 1 displays baseline characteristics
for the study population included in the main prospective analyses. Participants were followed up for a
mean of 5.6 years (SD 1.6, median 6.1, range 0.1–
8.4). During 9,317.5 person-years of follow-up, 171
participants developed all-cause dementia and 102
developed AD. The risk of developing both all-cause
dementia and AD was significantly higher in
participants who were either 25(OH)D deficient
or severely deficient (table 2). In minimally
adjusted models, those who were deficient had
about a 51% increased risk of all-cause dementia,
whereas the increased risk for those who were
severely deficient was about 122%. The strength
of the association observed for incident AD was
similar to that observed for all-cause dementia.
Additional adjustment for potential confounders
did not alter the pattern of results, and there was a
linear trend across groups in all analyses, suggesting
a monotonic association. Kaplan-Meier plots for
unadjusted rates of incident all-cause dementia and
AD show clear differences in risk by 25(OH)D
concentrations after 2–3 years of follow-up (figure 1).
Multivariate adjusted smoothing spline plots suggest
that the risk of all-cause dementia and AD markedly
increases at 25(OH)D concentrations below 50 nmol/L
(figure 2).
Secondary analyses incorporating continuous
25(OH)D concentrations gave a similar pattern of
results. The multivariate adjusted risks for incident
all-cause dementia and incident AD reduced by 18%
(hazard ratio [HR] 5 0.82, 95% confidence interval
[CI]: 0.70–0.97, p 5 0.02) and 20% (HR 5 0.80,
95% CI: 0.65–0.99, p 5 0.04), respectively, for each
1 SD increase in log-transformed 25(OH)D.

RESULTS
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Figure 1

Kaplan-Meier curves for unadjusted rates of all-cause dementia and Alzheimer disease by serum 25-hydroxyvitamin D (25(OH)D)
concentrations.

Additional adjustment for diabetes or hypertension
did not change the pattern of results for either incident all-cause dementia or AD, suggesting that these
conditions are unlikely to mediate the observed associations (table 3). Adjustment for ethnicity attenuated the main results slightly but did not change the
overall pattern of results, and there were no significant interactions (table e-1 on the Neurology® Web
site at Neurology.org). Additional adjustment for
income and occupation did not change the associations either (table e-2). The odds of prevalent allcause dementia and AD at baseline in participants
who were severely 25(OH)D deficient were 3–6

Figure 2

times higher than those with sufficient 25(OH)D,
with a linear trend across groups (table e-3). After
excluding participants who developed all-cause
dementia and AD within 1 year of baseline, the multivariate adjusted HRs in participants who were
severely 25(OH)D deficient and deficient compared
to participants with sufficient 25(OH)D concentrations were 2.42 (95% CI: 1.33–4.39) and 1.54 (95%
CI: 1.06–2.28) for incident all-cause dementia (p for
linear trend 5 0.001) and 2.36 (95% CI: 1.08–5.16)
and 1.69 (95% CI: 1.04–2.73) for AD (p for linear
trend 5 0.007). This suggests that the association is
not driven by “early converters.”

Multivariate adjusted smoothing spline plots showing the hazard ratios for dementia and Alzheimer disease by serum 25(OH)D
concentrations

Models adjusted for age, season of vitamin D collection, education, sex, body mass index, smoking, alcohol consumption, and depressive symptoms. Hazard
ratios centered on median serum 25-hydroxyvitamin D (25(OH)D) concentrations.
924
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Table 3

Cox proportional hazards regression models of incident all-cause dementia and Alzheimer disease by serum 25(OH)D concentration
with additional adjustment for potential mediators
Serum 25(OH)D, nmol/L
No. of
Participants

No. of cases

‡50

‡25 to <50,
HR (95% CI)

<25, HR (95% CI)

p Value for
linear trend

Diabetes

1,615

168

1 (reference)

1.50 (1.04–2.17)

2.18 (1.18–4.01)

0.003

Hypertension

1,615

168

1 (reference)

1.52 (1.05–2.20)

2.24 (1.22–4.12)

0.002

Diabetes and hypertension

1,615

168

1 (reference)

1.50 (1.04–2.17)

2.18 (1.18–4.02)

0.003

Diabetes

1,547

100

1 (reference)

1.65 (1.03–2.63)

2.14 (0.98–4.68)

0.01

Hypertension

1,547

100

1 (reference)

1.69 (1.05–2.69)

2.26 (1.04–4.90)

0.008

Diabetes and hypertension

1,547

100

1 (reference)

1.65 (1.03–2.65)

2.20 (1.01–4.80)

0.01

Dementia statusa
All-cause dementia

Alzheimer disease

Abbreviations: 25(OH)D 5 25-hydroxyvitamin D; BMI 5 body mass index; CI 5 confidence interval; HR 5 hazard ratio.
a
Models also adjusted for age, season of vitamin D collection, education, sex, BMI, smoking, alcohol consumption, and depressive symptoms.

We have conducted what is to our
knowledge the first large, prospective, populationbased study to examine vitamin D concentrations in
relation to a comprehensive adjudicated assessment of
dementia and AD. We observed a strong monotonic
association between 25(OH)D concentrations and
the risk of both incident all-cause dementia and AD.
This association was robust to adjustment for a range
of potential confounders and the exclusion of
dementia cases that occurred within a year of baseline.
The 2 previous studies that have investigated vitamin D and incident dementia have produced conflicting results. The first found that severe vitamin
D deficiency was associated with non-AD dementia
but not AD risk.16 The second found that severe vitamin D deficiency was associated with AD but not
vascular dementia risk.17 However, the first study
incorporated a small sample of high-functioning
women (n 5 40), and the lack of association with
AD may reflect limited statistical power. The second
study relied on registry data for dementia diagnoses,
which may have resulted in considerable misclassification. Our results establish that low 25(OH)D concentrations are linked to an increased risk of incident
all-cause dementia and AD, and they are consistent
with studies suggesting a link with cognitive impairment1,3,12,26,28 and cognitive decline.13–15 Few studies
have examined potential mediators of this association,
although there was no evidence in the present study
or the InCHIANTI13 study for mediation by diabetes
or hypertension.
A threshold below which the risk of dementia increases markedly has previously been hypothesized to
lie in the 25–50 nmol/L range.12 The optimal level of
vitamin D for general health remains controversial,
with the Institute of Medicine recommending
50 nmol/L and the Endocrine Society recommending
DISCUSSION

75 nmol/L.29,30 A post hoc analysis of the Women’s
Health Initiative randomized controlled trial discovered that a relatively low dose of vitamin D (400 IU)
in combination with calcium (1,000 mg) did not protect against dementia over a mean follow-up period of
7.8 years in women who had relatively high serum
vitamin D levels at baseline (mean of 49 nmol/L
in a small subsample).31 Our results clarify that the
threshold above which older adults are unlikely to
benefit from supplementation with regard to dementia risk is likely to lie in the region of 50 nmol/L
when 25(OH)D concentrations are measured using
LC-MS. This therefore adds to the ongoing debate
regarding optimal vitamin D levels for different
health outcomes.
A number of potential mechanisms linking low
vitamin D levels with the risk of dementia have been
identified.32 Vitamin D receptors are expressed
throughout the brain, including areas involved in
memory such as the hippocampus and dentate gyrus.6
Similarly, the enzyme that synthesizes the active form
of vitamin D, 1a-hydroxylase, is produced in several
cerebral regions. The active form of vitamin D,
1,25dihydroxy-vitamin D3 (1,25-D3), regulates neurotrophin expression, such as nerve growth factor,
neurotrophin 3, and glial-derived neurotrophic factor,11 and the survival, development, and function of
neural cells.33 In vitro, vitamin D stimulates macrophages, which increases the clearance of amyloid plaques, a hallmark of AD.7,8 Vitamin D also reduces
amyloid-induced cytotoxicity and apoptosis in primary cortical neurons.9 A recent study found that amyloid-b induction of induced nitric oxide synthase, part
of the inflammatory process of AD, is dependent on the
disruption of the vitamin D-vitamin D receptor pathway.34 Vitamin D supplementation ameliorates agerelated decline in learning and memory in aged rats.35
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In addition, vitamin D deficiency has been linked to
cerebrovascular pathology. Meta-analyses establish that
25(OH)D deficiency is associated with an increased risk
of incident stroke,36 particularly ischemic stroke.10 A
cross-sectional study of 318 elderly adults found that
25(OH)D deficiency was associated with increased
white matter hyperintensity volume and a greater number of large vessel infarcts.37 In summary, low vitamin D
concentrations may increase the risk of dementia and
AD through both neurodegenerative and vascular
mechanisms.
Our study has a number of strengths. The study
sample was relatively diverse as it was populationbased and included white and African-American
men and women. A recent systematic review raised
the possibility that the consistent observational associations between vitamin D levels and a wide range of
health conditions may simply reflect reverse causation.38 However, in this study reverse causation is
made less likely by the fact that participants were
ambulatory and relatively healthy at baseline (their
outdoor activity was not likely to be limited by
impaired function linked to the onset of dementia).
The long follow-up and exclusion of prevalent
dementia and incident dementia occurring within a
year of baseline also make reverse causation less likely.
All-cause dementia and AD in the CHS were diagnosed by a committee of neurologists and psychiatrists using a comprehensive range of data, including
neuroimaging, according to international criteria
(NINCDS-ADRDA).23 Our study also has several
limitations. While the CHS is multiethnic, it did
not incorporate people of Hispanic or other ethnicities. Due to the exclusion of participants with cardiovascular disease and stroke at baseline, there were
few cases of incident vascular dementia (n 5 15). It
was therefore not possible to investigate the relationship between vitamin D concentrations and incident
vascular dementia due to a lack of statistical power,
and further research is necessary to investigate generalizability to older adults with vascular dysfunction.
In a cohort with a greater burden of vascular and
metabolic dysfunction it would also be interesting
to investigate these factors as time-varying covariates.
The representativeness of our final sample may have
been reduced due to the inability to include participants with insufficient serum volume for 25(OH)D
measurement (n 5 945) as well as those lost to
follow-up (n 5 596). It is possible that the delay
between obtaining the blood samples in 1992–1993
and measuring 25(OH)D concentrations in 2008
could have introduced measurement error; however,
this is unlikely to have introduced systematic bias.
Despite the wide range of information (including
repeat neuroimaging) available to the committee
diagnosing all-cause dementia and AD, a degree of
926
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misclassification is still likely. In particular, many
cases of AD may actually reflect a mixture of pathologies, so caution should be exercised when considering potential mechanisms. As with all observational
studies, unmeasured confounding is possible, and our
findings do not in themselves demonstrate a causal
relationship.
We found a strong association between baseline
vitamin D concentrations and the risk of incident
all-cause dementia and AD over a mean of 5.6 years
of follow-up in ambulatory older adults free from vascular conditions at baseline. Further studies are necessary to replicate our findings and extend them to
more diverse populations. It would be useful to conduct prospective studies to investigate the association
between vitamin D concentrations and incident vascular dementia and neuroimaging abnormalities.
Our findings support the hypothesis that vitamin D
may be neuroprotective and that “sufficiency” in
the context of dementia risk may be in the region
of 50 nmol/L. This information is likely to prove
useful in improving the design and reducing the cost
of randomized controlled trials investigating whether
vitamin D supplements can be used to delay or prevent the onset of dementia and AD in older adults.
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